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With few minor variations, the genetic code is universal to all forms of life on our planet. It is dif-
ﬁcult to imagine that one day organisms might exist that use an entirely different code to translate
the information of their genome. Recent developments in the ﬁeld of synthetic biology, however,
have opened the gate to their creation. The genetic code of several organisms has been expanded
by the heterologous expression of evolved aminoacyl-tRNA synthetase/tRNACUA pairs that mediate
the incorporation of unnatural amino acids in response to amber codons. These UAAs introduce
exciting new features into proteins, such as spectroscopic probes, UV-inducible crosslinkers, and
functional groups for bioorthogonal conjugations or posttranslational modiﬁcations. Orthogonal
ribosomes provide a parallel translational machinery in Escherichia coli that has lost its evolutionary
constraints. Evolved variants of these ribosomes translate amber or quadruplet codons with mas-
sively enhanced efﬁciency. Here, I review these recent developments emphasizing their tremendous
potential to facilitate biochemical and cell biological studies.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V.1. The expansion of the genetic code
The genetic code is set by the complementary interaction of
mRNA codons and tRNA anticodons on the one hand and the high
ﬁdelity recognition between tRNAs, their cognate aminoacyl-tRNA
synthetases (AARSs) and the corresponding amino acid they acti-
vate on the other. In this way, all of the 64 possible triplet codons
are assigned to one of the twenty canonical amino acids or decode
the termination of translation. Genetic code expansion exploits the
degeneracy of this assignment by introducing an additional pair of
tRNA and AARS targeted usually towards the amber stop codon,
UAG. Under the prerequisite that the additional pair is orthogonal
to the host’s tRNAs and AARSs it will alter the decoding properties
of the host cell by reassigning the amber codon to the amino acid
recognized by the AARS (Fig. 1A). This strategy was ﬁrst success-
fully demonstrated in Escherichia coli by Furter in 1998 using the
yeast PheRS=tRNAPheCUA pair [1]. Crucial to success of this approach
is the ability to evolve AARS speciﬁcities towards new amino acids
[2,3]. This was ﬁrst achieved by the lab of Peter Schultz using the
TyrRS=tRNATyrCUA pair from M. jannaschii [3]. First, they targeted a
set of active site residues of the AARS by site-directed mutagenesis,
generating a large library of variants (usually >109). In a second
step, they isolated AARSs speciﬁc for the amino acid of interest incal Societies. Published by Elseviermultiple rounds of positive and negative selection. Therefore
E. coli cells are transformed simultaneously with the library plas-
mids and a reporter plasmid encoding an antibiotic resistance gene
interrupted by an amber codon. In the presence of the unnatural
amino acid (UAA) cells harbouring an active synthetase (recogniz-
ing the UAA or a natural amino acid) will suppress the amber co-
don and become resistant to the antibiotic. AARSs that recognize
natural amino acids are eliminated in a subsequent round of neg-
ative selection in the absence of the UAA. Here the amber codon
is placed into a toxic gene that will kill the cell in the presence of
an active suppressor pair. In reiterative rounds of positive and neg-
ative selection the AARS of interest is eventually isolated from the
library. Almost one hundred unique UAAs have been added to the
genetic code of various organisms by this approach [4] (Fig. 2). As
detailed further below, the addition of UAAs to the genetic code of-
fers a vast potential for applications in protein chemistry, biochem-
istry and cell biology. UAAs can be used as spectroscopic probes, to
photo-cage proteins, for labelling in bioorthogonal reactions or to
introduce posttranslational modiﬁcations and much more.
There are, however, certain limitations towards the chemical
nature of UAAs imposed by their cell permeability, the require-
ments of the ribosome and the size and structure of the AARS’s ac-
tive site. The efﬁciency of incorporation of UAAs depends on
several factors. A number of different plasmid constructions have
been explored, trying to maximise the yield of full-length protein
[5–7]. The most convenient solutions are expressions of the AARS
and tRNA from a single plasmid, which is compatible with mostB.V. Open access under CC BY-NC-ND license.
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Fig. 1. Engineering translation. (A) Genetic code expansion is achieved by the heterologous expression of an evolved orthogonal tRNA/aminoacyl-tRNA synthetase pair in the
host organism. The unnatural amino acid is provided with the growth medium, taken up by endogenous transport systems and activated by the AARS. The tRNA mediates the
incorporation of the UAA at the genetically determined position (in most cases amber codons). (B) Orthogonal ribosomes form a parallel translational apparatus that reads
only one speciﬁc mRNA. This liberates them from evolutionary constraints allowing their evolution towards new function, such as the enhanced suppression of stop and
quadruplet codons.
2058 H. Neumann / FEBS Letters 586 (2012) 2057–2064vectors for recombinant gene expression. However, no systematic
analysis that correlates expression levels of AARS and tRNA with
the loading status of the latter and the efﬁciency of incorporation
has been performed. A carefully balanced expression of all compo-
nents is desirable since excessive production of a single componentunnecessarily consumes biosynthetic power and is likely to pro-
duce toxic side effects. Furthermore, the design of plasmid systems
currently lacks standardization regarding the use of restriction en-
zyme cleavage sites used to clone the components. Introducing a
scheme for assembly similar to that of the ‘‘BioBricks’’ standard
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Fig. 2. An immense chemical tool kit provided by genetically encoded unnatural amino acids. UAAs are numbered with respect to their appearance in the main text.
H. Neumann / FEBS Letters 586 (2012) 2057–2064 2059(http://biobricks.org) would help in the development of improved
systems.
In bacteria one of the most signiﬁcant limitations to protein
yield is the competition between release factor 1 (RF1) and the
suppressor tRNA for binding to an amber codon in the A-site. This
is accentuated when more than just a single UAA is to be incorpo-
rated into the same protein. Since deletion of RF1 from the E. coligenome is lethal [8], shifting this equilibrium to favour UAA incor-
poration could be achieved by growing strains containing a tem-
perature sensitive allele of RF1 at the restrictive temperature
upon induction of protein expression. This approach, however, is
of limited use since many recombinant proteins would not tolerate
the elevated temperature and prolonged induction times would
lead to cell death. Liu and coworkers overexpressed the C-terminus
2060 H. Neumann / FEBS Letters 586 (2012) 2057–2064of ribosomal protein L11 to reduce RF1 mediated termination [9].
This facilitated the incorporation of three identical UAAs into the
same model protein in response to amber codons. Yokoyama and
Sakamoto reported an RF1 deletion strain created in the back-
ground of E. coli cells harbouring an amber suppressor tRNA and
a bacterial artiﬁcial chromosome encoding the seven essential am-
ber-terminated genes of E. coli in which the termination signal had
been replaced by the codon UAA [10]. They incorporated up to six
iodotyrosine residues into the same polypeptide using this strain.
This work clearly demonstrates the reassignment of the amber
stop codon to a sense codon in this strain background.
However, the genetic modiﬁcations reduce the ﬁtness of the
strain and it remains to be seen whether it proves to be a useful
tool for genetic code expansion. An alternative strategy is followed
by the Church lab who has set out to remove all amber codons
from the E. coli genome using their recently developed method
‘‘multiplex automated genome engineering’’ (MAGE) to make RF1
obsolete [11,12]. This tour de force approach will eventually create
a strain with a blank amber codon that can then be reassigned
completely to an UAA. Wang and colleagues have created a RF1-
deletion strain by engineering RF2 (responsible for termination at
opal and ochre codons). They propose that RF1 is not essential be-
cause of its function in termination at amber codons but rather be-
cause in its absence ochre codons (which are recognized by RF1
and RF2) are insufﬁciently terminated. Their E. coli strain is able
to incorporate ten and more identical UAAs into the same protein
without showing tremendous growth defects [13]. Removing all
amber codons from the genome of this strain would create an ideal
host for the production of recombinant proteins with one type of
UAA.
The simultaneous incorporation of two distinct UAAs into the
same polypeptide requires the identiﬁcation of two mutually
orthogonal tRNA/AARS pairs decoding different codons. Initially,
this has been achieved by Schultz and coworkers using a four-base
and an amber suppressor tRNA to incorporate two UAAs without
remarkable features [14]. Using an ochre-suppressor version of
PylT, Liu and coworkers reported the incorporation of an alkyne-
and an azide-functionalized UAA into a model protein for subse-
quent labelling [15]. While these are promising developments, it
is also obvious that the decoding space of stop codons is fairly lim-
ited. Assigning amino acids to quadruplet, instead of triplet, codons
would in theory provide 256 new blank codons. Jason Chin and his
coworkers have made the ﬁrst steps towards this goal in an ap-
proach that targets the decoding machinery itself, the ribosome.
2. Ribosome evolution
The ribosomes are the site of all cellular protein synthesis.
Changing the way ribosomes decode the genetic information
would affect the entire proteome and lead to immediate cell death.
To render this ancient assembler amenable to directed evolution,
Jason Chin and Oliver Rackham identiﬁed a strategy to duplicate
the prokaryotic translational apparatus. The recognition between
mRNA and ribosome is mediated by an interaction between their
Shine-Dalgarno and anti-Shine-Dalgarno sequences, mostly via
Watson-Crick base pairing. By changing the respective sequences
to all possible combinations they identiﬁed, in rounds of positive
and negative selection, new functional 16S-rRNA/mRNA pairs that
would no longer interact with their natural counterparts [16]
(Fig. 1B). These ‘‘orthogonal ribosomes’’ are dispensable for cellular
survival and therefore free to be evolved towards new functions.
Subsequent work identiﬁed mutations in the A-site that selectively
interfere with the binding of RF1 [17] rendering these ribosomes
highly effective in the suppression of amber codons [18]. This
study represents the ﬁrst case of a directed evolution of the ribo-some, which was previously deemed impossible. The selective in-
crease in suppression efﬁciency, directed only to orthogonal
mRNAs, minimizes potential side effects caused by the suppression
of genomic amber codons. Further work targeted the entire surface
of the A-site belonging to the 16S-rRNA to identify ribosomal mu-
tants with enhanced quadruplet decoding properties [19]. Indeed,
just two mutations (A1196G, A1197G) enabled the ribosome to ac-
cept tRNAs with an extended anticodon with signiﬁcantly in-
creased efﬁciency. These ribosomes allow for the production of
proteins with two distinct unnatural amino acids which in this
study was used to encode a genetically programmable intramolec-
ular crosslink. Future work will certainly expand the scope and
applicability of orthogonal ribosomes enabling the production of
proteins with multiple different or even entirely composed of
unnatural amino acids.
One important requirement for the design of a cell with a parallel
genetic code is the availability of a sufﬁcient number of orthogonal
tRNA/AARS pairs. Currently only two pairs – the Methanococcus
jannaschii TyrRS/tRNACUA and the Methanosarcina barkeri/Methano-
sarcina mazei PylS/PylT pairs – are being used extensively in the
expansion of the genetic code of E. coli. Additional pairs need to be
orthogonal to the endogenous tRNAs/AARSs and to the exogenous
pairsmaking the identiﬁcation of such pairs increasinglymore difﬁ-
cult. An alternative to the fortuitous isolationof thesepairs fromnat-
ural sources is the design of new pairs from existing ones. The
feasibility of this approach has been demonstrated recently by the
Chin lab, who duplicated the MjTyrRS/tRNACUA pair in several
rounds of mutagenesis and selection to create a new MjTyrRS/
tRNAUCCU pair orthogonal to the parent one [20].
3. Applications of genetic code expansion
3.1. Genetically encoded photo-crosslinkers
Probably the most frequent application of genetic code expan-
sion is the incorporation of UV-activatable photo-crosslinkers. Sev-
eral alternative systems exist with p-benzoyl-phenylalanine (pBPA,
1) being by far the most popular [21–25]. This crosslinker has been
installed on proteins in bacteria, yeast and mammalian cells and
used to investigate protein–protein and protein–DNA interactions
in vivo. In E. coli incorporation of pBPA was used to map the inter-
action surface between the translocon (SecYEG) and SecA, the ATP-
ase which fuels protein translocation across the plasma membrane
[26,27]. These studies provide valuable information on their mu-
tual interactions in solution, corroborating data obtained by X-
ray crystallography [28]. By replacing a conserved tyrosine residue
in the bacterial AAA+ chaperone ClpB, Schlieker et al. could show
that the enzyme channels aggregated substrate proteins through
its central pore like a molecular vacuum cleaner [29]. The interac-
tion of trigger factor with nascent proteins emerging from the ribo-
somal exit tunnel was investigated by placing pBPA at various
positions on the chaperone [30,31]. These studies revealed the se-
quence of events during trigger factor binding and suggest a high
ﬂexibility towards the nature of the nascent chain. In yeast pBPA
has been employed to analyse the interactions between subunits
of the mitochondrial protein import machinery [32–34], between
transcription factors and RNA polymerases [35,36] and between
a substrate protein and components of the ER associated degrada-
tion (ERAD) pathway [37], for instance. In all these cases individual
interactions were investigated, an unbiased mass spectrometric
survey on protein–protein interactions trapped by pBPA crosslink-
ing has not yet been performed. An important tool to facilitate such
an analysis has been developed by Ashton Cropp and colleagues by
producing a perdeuterated version of pBPA for mass ﬁngerprinting
[38].
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reversible excitability. The excited state of pBPA will simply relax
to the ground state if no suitable reaction partner is nearby while
most other crosslinkers decompose irreversibly. A disadvantage,
however, is its bulky and hydrophobic nature. A slim and hydro-
philic alternative are diazirine-modiﬁed lysines (2, 3) that were
recently added to the genetic code using the PylS/T system
[21,24,25]. Chen and colleagues used photo-crosslinker (3) to pro-
ﬁle the substrates of HdeA, a major acid-protection chaperone of
the E. coli periplasm [25]. In general, the great advantage of genet-
ically encoded photo-crosslinkers over alternative crosslinking
methods is the ability to obtain positional and therefore structural
information on protein complexes in their natural environment.3.2. Encoding posttranslational modiﬁcations
During their lifetime most proteins are modiﬁed chemically or
enzymatically often with dramatic effects on their activity, afﬁnity
for binding partners or subcellular localisation. A vast number of
posttranslational modiﬁcations have been identiﬁed since the
advent of ever-more sensitive mass spectrometers. However, for
most of these modiﬁcations neither their impact on protein func-
tion nor the modifying enzymes have been identiﬁed. Genetic code
expansion offers the possibility to directly encode the modiﬁcation
and hence to produce the modiﬁed protein without the need to
know the relevant modifying enzymes. This has already been
achieved for several important PTMs.3.2.1. Lysine acetylation
Lysine acetylation was initially observed on histones and soon
correlated with transcriptional activity [39]. Lysine acetyltransfer-
ases were only identiﬁed three decades later and it took yet an-
other decade until the enormous prevalence of this modiﬁcation
across the entire proteome was appreciated. The biological conse-
quences of most of these acetylations have yet to be identiﬁed,
which requires the ability to produce the modiﬁed proteins in suf-
ﬁcient quantities for biochemical analysis. The Chin lab has devel-
oped a method to install N(e)-acetyl-lysine (4) in recombinant
proteins of E. coli using an evolved variant of pyrrolysyl tRNACUA
synthetase from Methanosarcina barkeri [40]. Astonishingly, the
parent tRNACUA=AARS pair is used by these methanogens to encode
the 22nd canonical amino acid, pyrrolysine, in response to amber
codons [41,42]. Work by the Soll laboratory had shown that this
pair is functional in E. coli [43,44] where Chin and colleagues were
subsequently able to establish a selection system for synthetase
variants speciﬁc for alternative amino acids such as N(e)-acetyl-ly-
sine [40]. The ﬁrst protein containing an encoded N(e)-acetyl-ly-
sine residue showed signs of posttranslational demodiﬁcation by
an endogenous lysine deacetylase of E. coli. After blocking the en-
zyme’s activity with nicotinamide, cleanly acetylated proteins
were obtained. Meanwhile, numerous acetylated proteins have
been produced using this method. Chin and colleagues investigated
the impact of acetylation of histone H3 at lysine 56 on the stability
of nucleosomes [45]. This modiﬁcation had been observed on the
nascent protein and implicated in the modulation of chromatin
structure during DNA replication and repair. Single molecule
experiments by the group of John van Noort at Leiden University
could provide a molecular explanation for these observations,
showing that the acetylation indeed increased the breathing fre-
quency of the DNA near the entry/exit site on the nucleosome. In
another study Lammers et al. investigated the inﬂuence of acetyla-
tion of K125 of cyclophilin A on its activity [46]. CypA is an abun-
dant peptidylprolyl isomerase involved in HIV infection. Its
acetylation modulates its enzymatic activity and binding to HIV
capsid. This work illustrates the variability in the mechanisms bywhich the addition of a small acetyl group can inﬂuence different
aspects of protein function.
3.2.2. Lysine methylation and ubiquitination
Other posttranslational modiﬁcations of lysine have so far es-
caped direct decoding by an evolved amber suppressor pair. Efforts
to evolve pyrrolysyl-tRNACUA synthetase towards N(e)-methyl-ly-
sine never produced a speciﬁc enzyme (personal observations).
The synthetase recognizes the carbonyl-oxygen of N(e)-acetyl-ly-
sine which is missing in N(e)-methyl-lysine [47]. The residues in-
volved in its recognition constitute a selectivity ﬁlter which,
when mutated, destroy the ability of the enzyme to discriminate
its substrate from other amino acids. The chemical difference be-
tween N(e)-methyl-lysine and lysine is presumably too small to al-
low the creation of a speciﬁc enzyme. To circumvent this problem
Nguyen et al. incorporated N(e)-tert,-butyl-oxycarbonyl-N(e)-
methyl-lysine (5) in histone proteins [48]. The chemically labile
tert.-butyl-oxycarbonyl group could be removed posttranslational-
ly revealing the monomethylated lysine. Unfortunately, this strat-
egy is not applicable to higher substituted N(e)-methyl-lysines.
Jason Chin and his co-workers therefore extended this protective
group chemistry to all lysine residues within a protein. Again using
a histone protein as an example they encoded the lysine residue to
be modiﬁed with a protection group (6). After purifying the protein
they chemically protected the remaining lysine residues with a dif-
ferent group and subsequently identiﬁed conditions to speciﬁcally
deprotect only the lysine of interest. The resulting protein con-
tained a single reactive lysine residue which they could dimethy-
late chemically producing a site-speciﬁcally modiﬁed protein
after removal of the remaining protection groups [49].
Using a similar strategy, combined with chemoselective liga-
tion, the labs of Jason Chin and David Komander managed to pro-
duce diubiquitins connected by a native linkage via lysine residues
other than the usual Lys48 or Lys63. Screening a library of
deubiquitinases with their diubiquitins as substrates, they could
identify an enzyme speciﬁc for the Lys29 linkage [50]. An alterna-
tive strategy was followed by Chan and coworkers who incorpo-
rated N(e)-Cys-lysine (7) and used it as a handle in native
chemical ligation. This allowed them to conjugate ubiquitin to cal-
modulin, which decreased its ability to activate phosphorylase ki-
nase but not phosphatase 2B [51]. A disadvantage of installing 7 is
that ubiquitin is not attached via a native linkage, which may dis-
turb the interaction with effector proteins or deubiquitinases. An
elegant solution to this issue was developed by the Chin lab who
incorporated a protected d-thiol-lysine (8) [52]. The protection
group is needed as a handle for the recognition by the synthetase
but unstable under the reducing conditions of the E. coli cytosol,
thus producing proteins containing d-thiol-lysine at a genetically
determined position. The thiol serves as an auxiliary group in na-
tive chemical ligation and is subsequently removed by
desulfurization.
These studies demonstrate the enormous potential of this ap-
proach to investigate posttranslational modiﬁcations of lysine.
Still, the chemistry on lysine side chains invented by nature goes
far beyond our present abilities to produce the modiﬁed proteins.
As such we are lacking tools to produce ADP-ribosylated proteins
a modiﬁcation that plays an important role in chromatin biology.
Further ingenious combinations of genetic code expansion and
chemoselective reactions are necessary to tackle these challenges.
3.2.3. Serine and tyrosine phosphorylation
Phosphorylation of tyrosine, serine and threonine residues are
widespread posttranslational modiﬁcations of eukaryotic proteins
with important roles in the regulation of protein function and sig-
nal transduction. Genetic code expansion has been used to incor-
porate p-carboxymethyl-phenylalanine (9) into recombinant
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this UAA in place of a phosphorylatable tyrosine residue demon-
strated its usefulness as a non-hydrolysable phosphotyrosine ana-
logue. Another study by the Schultz lab installed a photocaged
derivative of serine (10) in proteins of S. cerevisiae [54]. They could
show that this approach can be used to photo-control the phos-
phorylation of a transcription factor, thereby enabling experiments
that monitor nuclear transport processes in life cells.
Recently, Soll and colleagues succeeded in expanding the genet-
ic code of E. coli with phosphoserine (11) [55]. They made use of
the fact that a phosphoseryl-tRNA synthetase (SepRS) is involved
in cysteine production in archeas. Of course, this enzyme is a prime
candidate to engineer bacteria with the ability to encode phospho-
serine. However, the charged tRNASep is not a good substrate for EF-
Tu, a problem that the authors overcame by engineering the elon-
gation factor by directed evolution. The ﬁnal system was able to
introduce phosphoserine in response to the amber codon albeit
with still rather poor efﬁciency. The importance of this modiﬁca-
tion will certainly prompt further optimization of the system.
3.2.4. Protein oxidative damage
In addition to numerous enzymatic modiﬁcations proteins are
also subject to chemical modiﬁcations, which are often interfering
with their function. Since chemical reactions lack the selectivity of
enzymatic catalysis it is nearly impossible to obtain cleanly modi-
ﬁed protein for biochemical analysis. A general strategy to produce
proteins containing 3-nitro-tyrosine (12), a modiﬁcation caused by
nitrogen containing radicals and a marker of vascular disease, has
been developed by the labs of Jason Chin and Ryan Mehl [56]. Man-
ganese superoxide dismutase with a genetically encoded 3-NT res-
idue at position 34 showed dramatically reduced activity,
conﬁrming previous observations with chemically nitrated protein.
Further oxidative damage modiﬁcations of tyrosine, e.g. 3-hydrox-
ylation (13) or 3-amination (14), are also available using genetic
code expansion [4].
3.3. Bioorthogonal chemistry
Site-speciﬁc labelling of proteins is a prerequisite for many bio-
chemical and biophysical experiments. The thiol group of cysteine
is very nucleophilic and provides an ideal anchor point in cases
when otherwise cysteine-free versions of a protein are available.
This severe limitation can only be overcome by the use of bioor-
thogonal chemistries that are independent of the presence or ab-
sence of any of the twenty natural amino acids. Several of these
‘‘click’’-type reactions have been established for proteins and ge-
netic code expansion provides the tools to introduce the relevant
functional groups into the protein. The paradigm of all click-reac-
tions is the Cu(I)-catalysed cycloaddition between an azide and a
terminal alkyne [57]. Azides and alkynes have been incorporated
using the tyrosine- and pyrrolysine-derived amber suppressor sys-
tems (15–18) [23,58–60]. This approach becomes problematic in
its requirement for Cu(I), which is cytotoxic and difﬁcult to remove
from the sample after the reaction. An alternative to terminal al-
kynes is the use of cyclooctyne derivatives which react with azides
independently of Cu(I) due to the additional ring strain [61,62].
Cyclooctyne-modiﬁed lysines (19, 20) have recently been incorpo-
rated using a mutant of PylS, facilitating copper-free click-reac-
tions with azide-substituted ligands in vivo [63]. Alternative
bioorthogonal chemistries have been developed, expanding the
repertoire of available labelling methods. For example, ketone-con-
taining UAAs, such as p-acetyl-phenylalanine (21), can be deriva-
tized with hydroxylamines or hydrazides [64–66]. Unfortunately,
the labelling reaction requires a pH < 5 which is not always com-
patible with protein stability. Nguyen et al. reported the conjuga-
tion of ﬂuorophores to genetically encoded 1,2-aminothiols, suchas 22, in a cyanobenzothiazole condensation [67]. This reaction is
compatible with conventional labelling of cysteines with malei-
mide-conjugated dyes, hence allowing labelling of proteins with
two distinct dyes at genetically predetermined positions. A very
elegant strategy recently developed by the Geierstanger lab intro-
duced pyrrolysine biosynthetic enzymes into the E. coli host
[68,69]. These converted D-ornithine into pyrroline-carboxy-lysine
(23), a suitable substrate of PylS. They established a conjugation
reaction to 2-amino-benzaldehyde or 2-amino-acetophenone re-
agents to introduce a wide range of labels, biooligomers and small
molecules.
3.4. Installing spectroscopic probes
3.4.1. Fluorophores
The installation of ﬂuorophores at deﬁned sites on proteins is
often the limiting factor in FRET experiments. Bioorthogonal label-
ling reactions provide one avenue to achieve this. In simple cases,
when single-cysteine mutants of a protein are available, these
reactions have been successfully combined with maleimide conju-
gations [64,67]. This has been used successfully to study T4 lyso-
zyme folding [64] and more recently to investigate distances
within the FG-repeat domain of a nucleoporin [70] by smFRET.
A general double-labelling strategy for proteins inaccessible to
maleimide chemistry has not yet been developed. Our method to
install two distinct UAAs using orthogonal quadruplet-suppressor
ribosomes and two suppressor tRNA/AARS pairs is an important
step towards the production of proteins with two orthogonal reac-
tive functional groups for ﬂuorophore labelling [19]. Labelling efﬁ-
ciency is an important factor in FRET studies. Good bioorthogonal
reactions proceed with a yield of more than 90%, however, these
efﬁciencies are often context dependent, especially when the func-
tional group is partially buried inside the protein. The direct encod-
ing of ﬂuorescent amino acids would produce fully labelled
proteins. Unfortunately, the size of most ﬂuorophores is too large
for the active site of AARSs and so far only coumarin (24) and dan-
syl-UAAs (25) have been successfully incorporated [71,72].
3.4.2. UAAs with a spin for NMR and EPR
Structural investigation of proteins by NMR and EPR requires
the incorporation of spin-labels. Homogenous labelling for NMR
is usually achieved with 13C-glucose and 15N-ammonium in the
growth medium. In certain cases, for example in studies addressing
the chemical environment of an active site residue, labelling of just
a single residue within a large protein with NMR-active isotopes is
desirable. This can be achieved by ﬁrst incorporating a ‘‘protected’’,
isotopically labelled natural amino acid by genetic code expansion.
The protective group is subsequently cleaved, releasing an unmod-
iﬁed amino acid. Geierstanger and colleagues used this strategy to
introduce isotopically labelled tyrosine into the active site of hu-
man fatty acid synthase [73]. Similar strategies could be envi-
sioned to label lysine residues by using the N(e)-protected
labelled amino acid together with an evolved PylS variant. An alter-
native to this traceless incorporation of an isotopically labelled
amino acid is the incorporation of labelled UAAs with minor mod-
iﬁcations compared to the natural counterpart, such as 13C/15N-la-
belled p-methoxyphenylalanine (26), in order to minimize
perturbations [73,74]. Instead of conventional carbon and nitrogen
isotopes, the naturally abundant NMR-active nucleus of ﬂuorine,
19F can be incorporated into proteins. Fluorinated derivatives of
phenylalanine (28), tyrosine (29) and lysine (30) have been suc-
cessfully introduced using genetic code expansion [75–77]. Simi-
larly, EPR measurements require the installation of stable
radicals as spin-labels on proteins. Such spin-labels have not yet
been directly encoded but can be posttranslationally conjugated
to p-acetylphenylalanine (21) [78].
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IR spectroscopy is a very powerful method to interrogate ultra-
fast conformational changes in small molecules but also in pep-
tides and proteins if they are equipped with a suitable probe
[79]. Some UAAs with unique infrared absorption properties have
been incorporated into recombinant proteins (15, 31) [23,80].
The antisymmetric stretch vibration of the azido group in p-azi-
do-phenylalanine has been used to monitor fast conformational
changes in rhodopsin by FTIR difference spectroscopy [81,82].
These investigations will help in the clariﬁcation of the conforma-
tional changes necessary for G-protein coupled receptor (GPCR)
activation.
3.5. Photo-caged UAAs
Light is an ideal non-invasive tool to control protein function in a
cellular environment. An important functional residue is encoded
with a photo-cleavable group inhibiting the function of the protein
in the dark. Irradiating the cell with light of appropriate wavelength
frees the side chain thereby activating the protein. Photo-caged ver-
sions of tyrosine (32), cysteine (33), serine (10) and lysine (34, 35)
have been genetically incorporated into proteins in bacteria, yeast
and mammalian cells [54,75,83–86]. As mentioned earlier, photo-
caged serine has been used to control the phosphorylation state of
a serine residue and with it the localisation of a transcription factor
in yeast [54]. TheChin labdemonstrated that photo-caged lysine can
be used to control the recognition of nuclear localisation signals by
importins in mammalian cells [85]. Light triggered activation of
the NLS facilitated quantifying the kinetics of nuclear transport pro-
cesses. By caging an active site lysine residue of MEK1 kinase the
same lab rendered this enzyme photo-activatable. This allowed
them tomonitor the kinetics of activationwithin the kinase subnet-
work using time-lapse microscopy [87].
4. Concluding remarks
Ten years ago Schultz and coworkers published the expansion
of the genetic code of E. coli using the M. jannaschii
TyrRS=tRNACUA system. Since then the repertoire of UAAs has in-
creased constantly, providing an amazing toolbox for biological
studies. The number of labs applying these tools to tackle their bio-
logical questions is growing steadily. An important restriction to an
even more widespread use is the difﬁculty of obtaining some of the
UAAs, which are often not commercially available. Service units for
chemical synthesis would greatly enhance the routine use of ge-
netic code expansion and similar chemical biology approaches
among biologists. I expect further developments in the ﬁeld to im-
prove the ease and efﬁciency with which multiple different UAAs
can be incorporated into the same protein. Eventually, we will be
able to reprogram the translational machinery to assemble unnat-
ural polymers, creating an immense potential for innovations from
material sciences to biology.
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